We demonstrate direct growth of electronically coupled zero-dimensional structures forming a super-quantum dot using metal-organic chemical vapor deposition. After the first sheet with InGaAs pyramids is formed on GaAs surface, alternate short-period GaAs-InGaAs deposition leads to spontaneous formation of layered structures driven by the energetics of Stranski-Krastanow growth. As a result columnlike InGaAs structures each having a characteristic lateral size of ϳ23 nm at the top and composed of many closely packed InGaAs parts are formed. The full width at half maximum of superdot luminescence of 28 meV at 8 K indicates good average uniformity of the superdot ensemble. Absorption is found to be resonant with luminescence. © 1996 American Institute of Physics. ͓S0003-6951͑96͒01434-9͔
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Direct fabrication of quantum dot ͑QD͒ and quantum wire heterostructures using spontaneous morphological shape-transformation effects is currently in the center of rapidly increasing interest. Fundamental interest in thermodynamics and kinetics of growth 1,2 and numerous attractive device applications, such as QD lasers 3 are among the most important driving forces. Spontaneous formation of QDs in lattice-mismatched systems 4 is of particular interest as this method allows to form islands fairly uniform in size. [3] [4] [5] To realize fully the theoretically predicted advantages of a QD laser one needs to achieve high modal gain, e.g., by increasing the total volume of the active ͑QD͒ medium. Conventional stacking of QDs 4 results, however, in an increase in the transparency current on one side, and does not lead to the reduction of the radiative lifetime on the other. These problems can be solved utilizing the growth of vertically electronically coupled QDs, demonstrated first for molecular beam epitaxial ͑MBE͒ growth. 5 The basic tendencies in 3D island formation are different for MBE and for metal-organic chemical vapor deposition ͑MOCVD͒. 6, 7 In this work, we show that the spontaneous formation of layered islands during the short-period multilayer InGaAs-GaAs deposition, takes place also in MOCVD growth.
The samples studied in this work are grown by MOCVD using trimethyl gallium ͑TMG͒, trimethyl aluminium ͑TMA͒, ethyl-dimethyl indium ͑EDMI͒, and arsine (AsH 3 ). Hydrogen is used as a carrier gas. The total pressure in the reactor is kept at 76 Torr and the flux ratio between group III elements and arsine is 75. The structures are grown on semiinsulating GaAs ͑100͒ substrates. First, a Al 0.3 Ga 0.7 As buffer layer ͑0.4 m͒ is grown at 600°C, followed by a 0.1 mthick GaAs layer. The substrate temperature is then reduced to 490°C and In 0.5 Ga 0.5 As deposition ͑or In 0.5 Ga 0.5 As/GaAs multilayer deposition͒ is performed. In the first case, 2.5 monolayers ͑ML͒ of In 0.5 Ga 0.5 As are deposited. In the second case, the deposition of 2.5 MLs of In 0.5 Ga 0.5 As is followed by multicycle GaAs ͑3 nm͒ -In 0.5 Ga 0.5 As ͑2.5 ML͒ deposition ͑four periods͒. After this 10 nm of GaAs is grown at 490°C, the substrate temperature is increased to 600°C, and 20 nm of GaAs is deposited. To avoid surface recombination of nonequilibrium carriers, 20 nm of Al 0.3 Ga 0.7 As is grown on the top at the same temperature.
Transmission electron microscopy ͑TEM͒ and highresolution electron microscopy ͑HREM͒ studies are performed by using a high voltage JEOL JEM1000 ͑1 MV͒ microscope. Plan-view TEM images are taken under conditions far away from the exact Bragg reflection to minimize masking of the true island shape by strain fields. Photoluminescence ͑PL͒ is excited by using the 514.5 nm line of a Ar ϩ laser and detected by using a cooled germanium pinphotodetector. Calorimetric absorption spectroscopy ͑CAS͒ 8 is carried out at Tϭ500 mK, where particular high sensitivity is realized.
In Fig. 1 , we show a cross-sectional HREM image of a single InGaAs QD in a GaAs matrix viewed along the ͓011͔ direction ͑a͒ and a transmissional electron microscopy image ͑b͒ of the same sample. Plan-view TEM images have demonstrated that the dots formed by a single-cycle deposition have a square base with main axes along ͓001͔ and ͓010͔ directions similar to the dots reported in Refs. 2 and 5.
Plan-view TEM, cross section TEM, and cross-section HREM images of islands formed by a five-cycle InGaAsGaAs deposition are shown in Figs. 2͑a͒-2͑c͒ , respectively. The average lateral size of the islands deduced from larger area images is close to 230 Å. The islands also mostly have a square base with main axes along ͓001͔ and ͓010͔. Some of dots are slightly elongated along ͓0-11͔. On other images several dots having an octahedral base has been revealed. As it can be directly seen from cross-section TEM and HREM images ͓Figs. 2͑b͒ and 2͑c͒, respectively͔, each island is composed of five vertically aligned parts separated by ultrathin regions with lower indium composition. From Fig. 2͑b͒ , it follows that top parts have a larger lateral size ͑ϳ230 Å͒ than the bottom part ͑ϳ110 Å͒. The whole structure clearly represents a single electronic object, with a superlatticelike internal structure.
To explain our results, one needs to consider the energetics of growth in lattice mismatched systems. 9 The deposition of an ultrathin ͑1-2 ML͒ In 0.5 Ga 0.5 As layer on a GaAs ͑100͒ surface leads to a planar InGaAs strained layer. Thicker ͑2-3 ML͒ InGaAs depositions lead to formation of pyramidally shaped InGaAs islands on a InGaAs wetting layer. Further growth of GaAs on a surface with wetting layer and locally formed islands is affected by the inhomogeneous strain field due to the pyramids, 9 resulting in a curved GaAs growth front in the vicinity of the island.
The initial height of the island is around ϳ80-100 Å, as it follows from the HREM image in Fig. 1͑a͒ ͑TEM images underestimate the real height͒. The average thickness of 30 Å of GaAs deposited is clearly not sufficient to cover the InGaAs pyramid. According to the Stranski-Krastanow InGaAs-GaAs growth mode there exists a thermodynamically favored tendency for indium atoms to be detached from the InGaAs island and to cover the free GaAs surface. The top of the pyramid can be dissolved at this stage. Further evaporation of indium from the InGaAs pyramid will occur from the part laterally confined by GaAs unless the enhanced FIG. 1. ͑a͒ Cross-section high-resolution electron microscopy image of quantum dot viewed along ͓011͔ direction of an InGaAs QD in a GaAs matrix. The average thickness of InGaAs deposited corresponds to 2.5 MLs. ͑b͒ Cross-section transmission electron microscopy image of quantum dot for the same structure.
FIG. 2. ͑a͒
Plan-view transmission electron microscopy ͑TEM͒ image ͑194 nmϫ280 nm͒ of InGaAs superdots formed by a multicycle short-period InGaAs-GaAs deposition ͑5 InGaAs deposition cycles, average GaAs layer thickness equals to 3 nm͒. ͑b͒ Cross-section TEM image ͑55 nmϫ157 nm͒ of the same superdot structure viewed along the ͓001͔ direction. ͑c͒ Cross-section high-resolution electron microscopy image ͑32 nmϫ 70 nm͒ of the same superdot structure viewed along ͓001͔ direction. ͑d͒ Schematic diagram illustrating the growth of a superdot.
curvature of the nearby GaAs region, and, consequently, enhanced surface energy will make the planarization of the surface by directed migration of Ga adatoms energetically favorable. Then the rest of the InAs island will be completely confined by GaAs, and the process can be repeated.
CAS and PL spectra of the superdot structure are shown in Fig. 3 . For our QDs formed by a single cycle InGaAs deposition, the PL peak energy is at about 0.97 eV ͑8 K͒ and at 0.9 eV at 300 K. In the superdot case, the luminescence peak lies at higher energies ͑1.075 eV at 8 K͒. This result agrees with the TEM observation of the formation of a structure composed of many InGaAs segments having a small height. From the comparison of the PL spectrum and the CAS spectrum it is obvious, that there is a pronounced absorption peak which coincides in energy with the PL peak. At high excitation densities, additional luminescence appears on the high energy side of the PL spectrum. The appearance of this feature is attributed to filling of excited electron and hole states. At low excitation densities, the full width at half maximum of the luminescence line is only 28 meV, which indicates the excellent average size and shape uniformity of the objects created. The shift of the ground state exciton luminescence peak agrees with the shift of the InGaAs bandgap with increasing temperature, and the luminescence intensity remains high up to 300 K.
To conclude, we have studied a new spontaneous island shape transformation effect in lattice-mismatched epitaxy using MOCVD. The effect results in a spontaneous formation of layered superdot structures in the direction perpendicular to the substrate surface, which will serve for improvement of novel quantum dot based photonic devices.
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